Inelastic x-ray scattering experiments have been performed on incommensurately modulated Te-III at high pressure and reveal a pronounced phonon anomaly. The anomaly is reproduced in first-principles lattice dynamics calculations of unmodulated, body-centered monoclinic (bcm) Te, which is shown to be dynamically unstable. The calculated Fermi surface of bcm Te exhibits surprisingly effective nesting for a simple, electronically three-dimensional metal. The combined experimental and theoretical results corroborate recent proposals that the modulated crystal structure of Te-III and other chalcogens is the manifestation of a pressure-induced charge-density wave state.
A wide range of inorganic and organic compounds [1] [2] [3] and even a protein [4] are known to possess incommensurately modulated (IM) crystal structures. The modulation breaks the translational symmetry of the crystal while preserving its long-range order. Such materials have been studied in great detail because of their unusual physical properties and because their discovery challenged the understanding of what constitutes a crystal. In recent years, IM crystal structures have been discovered, rather unexpectedly, in several pure elements at high pressure, namely, in I and Br [5, 6] , in Te, Se, and S [7] [8] [9] , and in P [10] . Significant progress has been made in determining the detailed crystal structures of these phases, but the understanding of their physical properties and the mechanisms that lead to their formation is still fragmentary.
All of the above elements undergo pressure-induced metallization before they adopt their IM structures. In IM metallic compounds, the modulations are thought to be driven generally by the combination of sufficiently strong electron-phonon coupling and Fermi-surface (FS) nesting [1] . This leads to a softening of phonons with wave vectors corresponding to the nesting vector, known as a Kohn anomaly [11] . If the softening of a particular phonon is so large that its frequency becomes zero, the associated atomic displacements turn into a static modulation of the structure. This transition is associated with, and inseparable from, an instability of the electronic system towards a charge redistribution, and hence the new ground state is commonly called a charge-density wave (CDW) state. CDW states have been observed almost exclusively in electronically quasi-one-or quasi-two-dimensional systems. This appears to result from the fact that FS nesting can be realized much more easily in low-dimensional systems-where the electronic bands are nearly dispersionless in one or two directions-than in a threedimensional (3D) metal. A notable exception is -uranium, which is the only elemental metal known to adopt a modulated crystal structure at ambient pressure, but only below 43 K [12] . In -U, the formation of a CDW hinges on the nesting of narrow f electron bands [13] .
The situation in the chalcogens S, Se, and Te, all of them adopting the same modulated structure at high pressure and room temperature, is very different in that neither are they very anisotropic nor have they flat bands similar to the f-electron bands in -U. It has been proposed recently [14, 15] that the structural modulations in S, Se, and Te at high pressure are driven by the same mechanism as in the CDW compounds, while shear-wave instabilities have been pointed out as an important factor in Br and I [16, 17] . There is, however, a complete lack of experimental data on the lattice dynamical and elastic properties to test these proposals. And on the theoretical side, recent work indicates that FS nesting exists in S at high pressure [15] , but it remains unclear how it is possible to have effective FS nesting in simple, electronically 3D metals.
We present here results of inelastic x-ray scattering (IXS) experiments on incommensurately modulated Te-III at high pressure. The central result is the observation of a pronounced anomaly in the longitudinal-acoustic (LA) phonon branch at wave vectors close to that of the structural modulation. Complementary first-principles calculations show that both the experimentally observed phonon anomaly and the structural modulation of Te-III are directly related to a lattice dynamical instability in bodycentered monoclinic Te (bcm Te), i.e., the unmodulated structure underlying that of Te-III [ Fig. 1(a) ]. Finally, the Fermi surface of bcm Te is determined from first-principles band structure calculations and is shown to exhibit surprisingly effective Fermi-surface nesting.
The IXS experiments were performed on beam line ID28 at the ESRF, Grenoble. The incident radiation was monochromatized at a photon energy of 17.794 keV. Two grazing-incidence mirrors focused the x rays onto the sample with a focal size of 30 Â 60 m 2 . The spectrum of the scattered radiation was analyzed by a highresolution spherical Si crystal analyzer to yield an overall The American Physical Society energy resolution of 3 meV. The momentum resolution was set to 0:4 nm À1 , and the IXS spectra were collected in the energy-scanning mode. A detailed account of the IXS setup has been given elsewhere [18] .
In order to obtain a single crystal of Te-III with optimal dimensions for the IXS experiment, 70 pieces of Te were screened by x-ray diffraction for their crystal quality. About a third of them were pressurized in a diamond anvil pressure cell, using a 4:1 methanol-ethanol mixture as the pressure-transmitting medium. All of these ''large'' crystals of typically 100 Â 100 Â 40 m 3 broke apart at the structural phase transitions. Eventually, a relatively small crystal with satisfactory quality was chosen that had been used previously in structural studies [7] . The lateral dimensions of the crystal were 45 Â 30 m 2 with an estimated thickness of 10-20 m. The Te-III crystal had two twin components [7] , but the particular nature of the twinning is such that the reciprocal-space (00) lines of the twins coincide almost perfectly. Dispersion curves measured along this line are thus not affected by the twinning.
First-principles lattice dynamics calculations were performed in the framework of density functional theory using pseudopotentials, planes waves, linear response theory, and the generalized gradient approximation (GGA) [19] as implemented in the ABINIT code [20, 21] . The Fermi surface of bcm Te was determined from electronic structure calculations using the full-potential, augmented plane-wave WIEN2K code [22] in the GGA and with a very dense mesh of 10 6 k points in the Brillouin zone. Both sets of calculations were performed for bcm Te using the experimental lattice parameters of Te-III at 8.5 GPa [7] .
Figure 1(b) shows selected IXS spectra of Te-III at 8.5 GPa recorded for momentum transfers q parallel to the modulation vector q m ¼ 0:71b Ã . The reciprocal lattice vector b Ã refers to the reciprocal lattice derived from the conventional body-centered monoclinic description of the basic, i.e., unmodulated, structure of Te-III. We will use this I2=m setting of space group C2=m (#12) throughout the Letter to remain consistent with previous work [7] . Most of the spectra comprise the Stokes and anti-Stokes line of one dominant excitation in addition to the elastic line. Some of the spectra show additional weak structures, the origin of which is uncertain [the q ¼ ð0 2:92 0Þ spectrum in Fig. 1(b) is an example]. Also shown in Fig. 1(b) are decompositions of the measured spectra into the elastic line, the excitation peaks, and a constant background that were obtained by least-squares fitting [23] . The elastic and phonon lines were modeled as Lorentzian peaks and convoluted with the spectral resolution function of the spectrometer. The Stokes/anti-Stokes intensity ratios were assumed to be given by the Bose-Einstein population factors. Figure 2 (a) shows the momentum dependence of the measured phonon frequencies. The dominant features form a dispersive branch that can be attributed to the LA phonon branch on the basis of the IXS selection rules. This phonon branch exhibits the periodicity of the bcm lattice underlying the modulated structure of Te-III, and it shows a clear deviation from a sine-type dispersion Fig. 2(a) ] with depressions around ð020Þ þ q m and ð040Þ À q m .
The structural modulation in Te-III is transverse, and the corresponding transverse acoustic (TA) branch is expected to exhibit an even more pronounced anomaly than the LA branch. Despite the twinning of the crystal, an effort was made to obtain information on the TA branches, and the amplitudon and phason modes, by measuring IXS spectra along the ½01 and ½0 " 2 directions. But in this case the peak overlap in the measured spectra was too severe to permit the determination of reliable dispersion curves.
To examine the origin of both the observed LA phonon anomaly and the structural modulation in Te-III, lattice dynamical calculations were performed for the unmodulated bcm basic structure of Te-III. Figure 2(b) shows the calculated phonon dispersion curves in the ½00 direction of bcm Te. The results for the LA branch are in excellent agreement with the experimental data. The calculated frequencies of the TA(1) branch are imaginary near the modulation wave vector, evidencing a dynamical instability of bcm Te. In other words, the energy landscape has a saddle point for the bcm equilibrium atomic positions, and the total energy of the crystal can be lowered by modulating the structure in the form of the TA(1) phonon mode. The calculated atomic displacement vector u ¼ ðu x ; 0; u z Þ associated with the TA(1), q ¼ ð0; 2:75; 0Þ phonon has u z =u x ¼ 4:39, which agrees with the value 4.30(21) observed experimentally for the static modulation in Te-III [7] . This shows unequivocally that the incommensurate structural modulation in Te-III results from the soft TA (1) mode in the dynamically unstable bcm Te.
To elucidate the origin of the dynamical instability and its possible relation to FS nesting, we have calculated the Fermi surface of bcm Te. It consists of three sheets as shown in Fig. 3 . The FS sheets in Figs. 3(a) and 3(b) have flat and parallel sections susceptible to nesting, but nesting related to the modulation vector q m ¼ 0:71b Ã is not discernable. However, nesting becomes clearly visible in the FS cross section in the b Ã c Ã plane when all three sheets are considered together [ Fig. 4(a) ]. In this particular plane, the three sheets complement each other such that they form parallel and nearly straight FS lines, which are nested by q m . In fact, these sets of parallel lines can be nested by a whole range of vectors, but q m is unique in that it connects two of the three sets of parallel lines simultaneously, which is illustrated schematically in the inset of Fig. 4(a) . This situation is similar to what has been described as ''hidden Fermi-surface nesting'' in quasi-2D CDW systems such as the purple bronzes AMo 6 O 17 (A ¼ Na, K) [24] .
Band dispersion in all three spatial directions usually prevents efficient FS nesting, even if it exists in a particular plane in reciprocal space. Figure 4 (b) shows the FS cross section of bcm Te in the plane perpendicular to c Ã and passing through 1 2 c Ã [marked as plane (2) in Fig. 3(a) ], which is perpendicular to the b Ã c Ã plane discussed so far. In plane (2) , the FS lines are more curved than in the b Ã c Ã plane, but there are still extended parallel sections that are nested by q m . In planes parallel to the planes (1) and (2), but offset from these, the nesting becomes less complete, but altogether a sizeable fraction of the FS is nested by q % q m . Furthermore, the nesting occurs generally between parts of the FS with Fermi velocities of opposite sign, so that not only states at the Fermi level take part but also states somewhat above and below (see Ref. [25] for a discussion of this effect). Given that bcm Te it is not a quasi-1D or 2D electronic system, its Fermi surface exhibits surprisingly effective nesting.
In comparison, the FS in the free-electron approximation (not shown), derived from Fermi spheres, has a more complex topology and is less susceptible to nesting. The differences are largely due to the electron-ion interaction, i.e., the standard band structure effect of opening energy gaps at the Brillouin zone boundary. This removes parts of the sheets c and reduces the curvature of sheets a and b so that the straight, highly nested sections appear [ Fig. 4(a) ].
The FS of bcm Te is sensitive to small distortions of the crystal unit cell: Increasing the monoclinic angle by only 3 results in a significantly larger length variation of the nesting vector in the b Ã c Ã plane and hence less effective nesting. Likewise, the free-electron FS depends on the shape of the unit cell, but not on its volume. The Fermisurface nesting calculated for bcm Te is therefore expected to exist in similar form in the analog bcm phases of Se and S. This would explain why the IM phases of S, Se, and Te all have the same underlying bcm lattice and that the ratios of the lattice parameters agree within 2% and the monoclinic angles within 0.4 at the lowest pressures of their respective stability ranges. It appears that it is this particular unit cell geometry, paired with a ''generic'' nearly freeelectron band structure, that gives rise to strong Fermisurface nesting in these simple 3D metals.
In conclusion, IXS experiments on high-pressure Te-III have revealed a pronounced phonon anomaly near wave vectors corresponding to the incommensurate modulation wave vector. The anomaly in the LA branch is reproduced in first-principles lattice dynamics calculations of bcm Te, which is shown to be dynamically unstable. The atomic displacements associated with the unstable TA phonon mode in bcm Te agree with those observed experimentally as the static modulation in Te-III. The calculated Fermi surface of bcm Te exhibits surprisingly effective nesting for a simple 3D metal, and the dominant nesting vector agrees with the experimentally observed modulation vector. Taking into account also theoretical results on the electron-phonon coupling in bcm S [15] , it leads us to conclude that Te-III is indeed a CDW system, driven by the combination of electron-phonon coupling and FS nesting as proposed for S, Se, and Te [14, 15] . The role of high pressure is (i) to metallize the material and (ii) to increase its density so that more close-packed structures such as body-centered monoclinic and cubic become energetically favorable. Not only do these results provide a coherent picture of the mechanism that leads to the IM crystal structure of Te-III and other chalcogens at high pressure, but they are also at variance with recent work by Johannes and Mazin [25] who challenge the common view that FS nesting plays an important role in the formation of a CDW state.
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